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The goal of the thesis was to determine the effectiveness of implementing different ramp 
metering strategies along I-35 in Kansas City using microsimulation analysis. Ramp metering 
enhances traffic conditions on the mainline by restricting the accessibility of the on-ramp traffic. 
Traffic data for one year (04/01/2016 to 03/31/2017) during the peak period were used to evaluate 
the performance of the facility before and after implementing known ramp metering strategies. 
The evaluation was done using the VISSIM microsimulation software. 
The locations of the metered junctions along I-35 were obtained from the Kansas 
Department of Transportation (KDOT), since KDOT installed ramp meters at these locations in 
2017. Four ramp meters were located at the southbound direction and two at the northbound 
direction. In this thesis only the I-35 southbound movements were evaluated, as the meters at the 
northbound direction were placed primarily for safety purposes. The I-35 southbound corridor 
starts from Cambridge Dr. in the north and ends at 75th St. in the south. The ramp meters are located 
at the 7th St., Southwest Blvd., 18th St. Expressway, and 67th St. on-ramps.  
Currently, KDOT is implementing a speed-based algorithm, the details of which are 
unknown since the exact algorithm is proprietary. As such, for the purposes of this thesis a review 
of the literature was conducted to identify possible ramp metering algorithms to evaluate, and it 
was decided to use one localized and one system-wide ramp metering algorithm. The selected 
localized ramp metering algorithm is the ALINEA (Papageorgiou et al., 1991). ALINEA is an 
occupancy-based ramp metering algorithm that operates to maintain the occupancy in the freeway 
at the congestion location close to the critical occupancy that corresponds to maximum throughput. 
The selected system-wide ramp metering algorithm is HERO (Papamichail and Papageorgiou 
2008). HERO uses ALINEA as its base algorithm, and uses a master/slave protocol. These two 
iv 
 
ramp metering algorithms, as well as the No Control scenario were evaluated considering various 
performance measures obtained through microsimulation. 
Traffic data were obtained from the KC Scout portal. The data obtained were screened for 
days with adverse weather conditions, traffic incidents, and bad detector data. The remaining data 
were used to obtain traffic demands and off-ramp relative flows to be used in VISSIM. The three 
control scenarios (ALINEA, HERO, and No Control) were simulated using 60 demand scenarios. 
These scenarios were created by averaging the weekday data in each month. Each demand scenario 
was run four times with different seed numbers to account for variations throughout the week, 
resulting in a total of 240 simulated days.  
The selected performance measures that were used to perform the evaluation were travel 
time and travel time reliability, speeds, throughput, queue lengths, and congestion duration. The 
entire facility travel time did not show significant improvement; however, significant travel time 
improvements were observed at the northern part of the facility. Congestion duration decreased 
after implementing the ramp metering algorithms at all metered locations except the 67th Street. 
Mainline spot mean speed at the metered locations also increased. Also, the throughput increased 
after implementing the ramp metering strategies compared to the No Control scenario.  
Overall, ALINEA was found to perform better than HERO; however, ALINEA had longer 
queues on the on-ramps, spillback percentage to the arterials and waiting times compared to HERO 
at all the metered locations except at 7th St. on-ramp. This is because in ALINEA a queue flush 
system was used when the queue length reaches a threshold, while in HERO, a queue control 
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Over the last half century, traffic demand on freeways and their ramps has increased 
substantially. This increase is a result of population and auto ownership growth. In the light of this 
increase, transportation infrastructure started experiencing more congestion, crashes and other 
transportation problems (Jacobson et al., 2006). To meet the public’s needs, improvements to 
transportation facilities have to be done. Facility improvements can take the form of infrastructure 
enhancements such as new roadways and additional lanes. However, these enhancements are not 
always feasible, so other approaches (e.g., traffic optimization) had to be implemented. One 
popular optimization tool is ramp metering. Ramp metering is a traffic signal controller situated at 
on-ramps that limits and manages the traffic entering the freeway in order to achieve the optimal 
capacity of the freeway and prevent or delay the onset of congestion. Ramp metering applications 
have many goals and benefits such as (Jacobson et al., 2006): 
 Increase travel speed, throughput, travel time reliability, and occupancy and maintain 
traffic operations in uncongested conditions; 
 Break up entering platoons which are the main cause of localized congestion; and 
 Reduce travel times, emissions, and vehicle crashes.  
Ramp metering was first introduced in the early 1960s as a result of studies done on the 
impact of demand-capacity relationship on traffic operations, such as congestion and safety. In 
1963 the first ramp meters were implemented on Chicago’s Eisenhower Expressway and were 
controlled by traffic enforcement officers on site (Levinson and Zhang 2006). The successful 
experiments done on ramp metering led to its spreading around the United States. After that, ramp 
metering evolved into using pre-timed signal controllers. Advanced technology played a major 
part in providing real-time data, which led to the development of traffic responsive algorithms. 
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There are a variety of ramp metering algorithms ranging from feedforward algorithms such as 
Percent-Occupancy (OCC), feedback algorithms such as ALINEA, and system-wide algorithms 
such as System Wide Adaptive Ramp Metering (SWARM).  
1.1. Traffic Flow Theory 
Traffic flow studies started in the 1920s in an attempt to discover a way to analyze traffic 
based on measureable parameters (Gazis and Edie 1968). The relationship between traffic flow, 
traffic density, and speed is based on the fundamental equation: 
																																																																																																																																            Equation 1 
Where: 
q = Traffic stream flow in veh/hr 
k = Traffic stream density in veh/mi 
u = Space mean speed in mi/hr 
 
The fundamental diagrams, which describes the relationship between flow, speed, and 
density are based on the Greenshields model (Zaidi et al., 2016), as shown in Figure 1: 
 
Figure 1 Fundamental diagram of traffic flow (Zaidi et al., 2016) 
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Greenshields et al., (1993) researched traffic flow, density and speed using photographic 
measurement methods. They plotted the measured data and postulated a linear relationship 
between speed and traffic density as shown in Figure 2. 
Figure 2 Speed-Density Relationship (Greenshields et al., 1935)  
They also computed the relationship between speed and flow. Greenshields used the term 
“Density-Vehicles per Hour” instead of flow as the term flow was not known at that time. The 






Figure 3 Speed Flow Relationship (Greenshields et al., 1935) 
It can be concluded from Greenshields model that the traffic stream has two states: 
congested and uncongested. The uncongested state is when the traffic density is below the critical 
density. In this state traffic is stable, more vehicles are served and maximum flow (i.e., capacity) 
can be achieved. The congested state is when the traffic density exceeds the critical density. In this 
state the traffic flow is unstable, less vehicles are served and the maximum flow cannot be 
achieved. Ramp meters function as controllers that try to keep the traffic in uncongested conditions 
and close to capacity. 
1.2. Ramp Metering Strategies 
Ramp metering strategies are categorized as traffic responsive or pre-timed. Traffic 
responsive systems use real-time measurements, whereas historical data are used to determine the 
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ramp metering rates at pre-timed control (Zhang et al., 2001). Pre-timed control is effective when 
traffic conditions and congestion are recurrent, but performs poorly when traffic is unpredictable 
or non-recurrent (Zhang et al., 2001). On the other hand, traffic responsive controllers compute 
ramp metering rates use real time measurements, and can be more effective during non-recurrent 
events (e.g., incidents) (Zhang et al., 2001).  
There are three types of ramp metering control systems: (i) localized or isolated systems, 
where each ramp is managed independently without considering other ramps; (ii) system-wide or 
coordinated systems, in which the traffic conditions of a facility with multiple controlled on-ramps 
is used to coordinate the metering rate of the on-ramps; (iii) integrated systems, which use other 
control measures in addition to ramp metering, such as route guidance through variable message 
signs and signal timings. Integrated systems are very sophisticated and difficult to implement in 
the field, and no successful implementation has been achieved yet (Zhang et al., 2001). 
1.3. Thesis Objectives 
The objective of this research is to assess the effect of specific ramp metering algorithms 
on freeway operations using VISSIM microsimulation software. Through simulation, the effect of 
each algorithm on specific performance measures were evaluated. Then, the results of each 
algorithm were compared to each other to find the most suitable algorithm for this freeway.  
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2. LITERATURE REVIEW 
Ramp metering is the operation of controlling the entering traffic into a freeway by using 
traffic signals on the ramps. Its objective is to regulate the traffic entering the mainline from the 
on-ramp to prevent the formation of congestion (Jacobson et al., 2006). Also, ramp metering plays 
a great role in enhancing the performance of the roadway, if implemented correctly. It was initiated 
as a pre-timed signal controller and in years it evolved to operate as a traffic-responsive signal 
controller using real-time traffic measurements. There are large varieties of ramp metering 
algorithms ranging from localized (regulate a single on-ramp) to system-wide or coordinated 
(regulate a facility with multiple on-ramps) (Jacobson et al., 2006).  
2.1.  Local Ramp Metering Strategies 
Local ramp metering strategies regulate a single on-ramp as an independent system. Early 
traffic-responsive algorithms were based on feedforward philosophy like Demand Capacity (DC) 
and Percent-Occupancy (OCC) algorithms. Recent algorithms started using the popular feedback 
philosophy like ALINEA (Papamichail et al., 2010). The main difference between feedforward 
(open-loop) and feedback (closed-loop) is that the output of the system is not used in the next 
iteration in feedforward systems but, it is used in feedback systems. At feedback systems the 
detectors are usually installed downstream of the on-ramp where the merge occurs (Papamichail 
et al., 2010). 
2.1.1. Demand Capacity (DC) 
Demand-Capacity ramp metering strategy also known as DC is a feedforward disturbance 
compensation strategy which uses flow upstream of the ramp (Masher et al., 1975), (Koble and 
Samant 1980). This algorithm is used to prevent recurrent congestion (Koble and Samant 1980) 
and it was field tested in Boulevard Périphérique in Paris (Papageorgiou et al., 1997). DC pre-
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defines maximum and minimum ramp metering rates. The maximum  value is set as ramp’s 
cycle length, for example, for cycle length of 4 sec/veh, maximum 	= 900veh/hr. The DC is 
described in Equations 2 and 3. 
1 																																																																								                            Equation 2 
		




 =  1, 2, . . . = discrete time index. 
=  Calculated admissible ramp flow (veh/h). 
1  = Previous measured upstream freeway flow (veh/h) in all lanes. 
= Downstream freeway capacity (veh/h). 
 = Ramp flow in vehicle per hour (veh/h) during period k. 
 = Minimum allowed ramp flow (veh/h). 
 
From Equation (2) it can be concluded that the ramp flow entering the freeway is computed 
to achieve downstream capacity. Ramp flow is the difference between the downstream capacity 
and the upstream flow, therefore, the ramp flow increases (or decreases) with the decrease (or 
increase) of the upstream flow. The DC algorithm also uses occupancy in determining the freeway 
congestion state. A critical occupancy value  is used to identify if the freeway is congested or 
not. If the upstream occupancy exceeds the critical occupancy, the ramp flow is reduced to	 . 
The downside of this strategy is that it ignores the downstream traffic conditions, as well 
as variations of capacity due to adverse environmental conditions (e.g. darkness, rain, etc.) 
(Papamichail et al., 2010).  
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2.1.2. Percent-Occupancy (OCC) 
The Percent-Occupancy ramp metering strategy, also known as OCC, is a feedforward 
disturbance compensation strategy which uses upstream occupancy of the ramp (Koble and 
Samant 1980). The OCC assumes that the fundamental diagram between flow and occupancy is 
linear as shown in Equation 4. 
∗
																																																																																																																													         Equation 4 
vf = Free-flow speed of the freeway (mph). 
g = Depends on vehicle length and effective detector length. 
oin= Upstream freeway occupancy (percent of time the detector is occupied). 
 
OCC is similar to the DC strategy as it defines maximum and minimum ramp metering 
rates. Also, a startup occupancy value is set to activate the algorithm, this value is less than  
and could be set to 2/3  (Masher et al., 1975). OCC is interpreted in Equation 5. 
		
																																																								 	 	 										
∗ 1 																						
																																																								 	 															
                            Equation 5 
Since the OCC assumes that the fundamental diagram between flow and occupancy is 
linear, it is less accurate than the DC strategy (Smaragdis and Papageorgiou 2003). This algorithm 
was used extensively in Chicago/Minneapolis, and it was field-tested in Boulevard Périphérique 
in Paris (Papageorgiou et al., 1997), and it has also been evaluated through simulation (Koble and 
Samant 1980). 
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2.1.3. Asservissement Linéaire d'Entrée Autoroutière (ALINEA). 
Asservissement Linéaire d'Entrée Autoroutière ramp metering strategy, also known as 
ALINEA, is a feedback-controlled strategy which uses occupancy downstream of the ramp 
(Papageorgiou et al., 1991). This strategy uses the outputs of its previous iteration as input for its 
current. The outputs that are used are previous iteration metering rate 1  and downstream 
occupancy	 1 . ALINEA uses Equation 6 for calculating the ramp metering rate. 
1 ȏ 																																																										                           Equation 6 
Where  is the current ramp metering rate in seconds, 1  is the previous iteration 
ramp metering rate in seconds,  is a regulator parameter (smoothing factor), ȏ is the desired 
downstream occupancy and  is the measured occupancy in vehicles per mile. ALINEA is one 
of the most popular and robust local algorithms. 
2.1.4. ALINEA Extensions 
ALINEA is a very popular algorithm and many versions have been developed to improve 
its efficiency. Some of ALINEA’s extensions are FL-ALINEA, UP-ALINEA, UF-ALINEA, AD-
ALINEA, X-ALINEA/Q, and PI-ALINEA (Shaaban et al., 2016). Each extension has its own 
unique algorithm and is derived either for certain circumstances in the system or as a new method 
to control the ramp metering. 
FL-ALINEA (Smaragdis and Papageorgiou 2003).  
ALINEA measurements use occupancy instead of flow because for a single flow value the 
system can be either congested or uncongested. In addition, flow is not a stable measurement for 
the system because it varies depending on the environmental conditions (rain, lighting, etc.). 
However, occupancy is not directly related to the fundamental traffic flow variables (traffic 
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volume, density, average speed) because of the ambiguity of the g-factor in equation (4). FL-
ALINEA was developed for some situations where flow measurements might be useful for some 
facilities and easier to specify. FL-ALINEA follows Equation 7. 
		
1 ̂ 1 							 	 1
																																																																									 															
		                            Equation 7 
Where all variables as described previously. 
UP-ALINEA (Smaragdis and Papageorgiou 2003). 
UP-ALINEA was developed to account for the lack of measurement detectors downstream 
of the ramp in which upstream traffic measurements can be used to run ALINEA algorithm. UP-
ALINEA estimates the downstream occupancy  based on the ramp and upstream flow.  
can be estimated using Equation 8. 
1 																										                                                                                     Equation 8 
Where λin and λout represent the number of mainline lanes upstream and downstream 
respectively, and all other variables as described previously. Then   (estimated occupancy) is 
used in the ALINEA equation instead of	o . The UP-ALINEA follows Equation 9. 
1 ȏ 1 													                                                            Equation 9 
UF-ALINEA (Smaragdis and Papageorgiou 2003). 
UF-ALINEA is similar to DC and FL-ALINEA. It is similar to DC in the sense that it uses 
upstream flow in controlling ramp flow, except it uses 1  instead of 1 .	 It is 
similar to FL-ALINEA in terms of the equations used; although it estimates the downstream flow 
̃  instead of . 
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̃                                                                                                         Equation 10 
		
1 ̂ ̃ 1 							 	 ̃ 1
																																																																									 															
				                      Equation 11 
Where all equations as described previously. Although UF-ALINEA is similar to DC, it 
reacts faster than DC with the use of 1  instead of 1 .	  
X-ALINEA/Q (Smaragdis and Papageorgiou 2003). 
ALINEA’s drawback is that it limits the entering vehicles to the freeway through the on-
ramp, which means if the on-ramp exhibits excessive queues it will affect the adjacent streets 
traffic. X-ALINEA/Q addresses this problem using an override system. Two ramp metering rates 
are defined in X-ALINEA/Q: ramp flow  for any ALINEA algorithm, and ramp flow 
calculated from queue length measurements	 ́ . 	 	 	, 	 ́ 	 . 
́ 1                                                                             Equation 12 
Where T is the time interval in seconds,  is the current queue length in vehicles and 
1  is the ramp demand of the previous interval in vehicles in the time interval. It is assumed 
that	d k d k 1 . The applied ramp metering rate is 	 	, ́ . By choosing 
the maximum value between  and ́  the ramp metering will function in a way that 
optimizes the freeway until the queue length on the on-ramp starts interfering with the adjacent 
street. The metering rate  controls the ramp flow to reach its capacity. When ́  is greater 
than  the applied metering rate, ́ , will exceed the metering rate that optimizes capacity, 
, and this will lead the freeway flow to exceed capacity and experience congestion.  
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PI-ALINEA (Wang, et al., 2014). 
PI-ALINEA is a proportional integral controller that resolves a deficiency in ALINEA 
when a distant downstream bottleneck activates. The proportional and integral terms are shown in 
Equation 13. 
                                                                           Equation 13 
 
Where  is the error,  and  are the proportional and integral controller gain 
parameters. The integral function fixes the error in a small manner and it uses the cumulative error 
in its calculation. If the error persists for a long period of time, the error builds up and results in 
oscillatory adjustments if the integral gain controller	  was high.  
ALINEA manages bottlenecks that are located around 1500ft downstream of the ramp. 
However, if the bottleneck occurs for example one mile downstream of the ramp, ALINEA will 
not be able to control it efficiently. Proportional Integral systems are better than Integral systems 
in dealing with slow dynamics (distant bottlenecks). The PI-ALINEA formula is as follows. 
1 1 ȏ                             Equation 14 
Where KP is a regulator parameter and the remaining parameters are defined earlier. PI-
ALINEA has been compared to ALINEA using macro-simulation programs in the occurrence of 
distant bottlenecks. PI-ALINEA achieved optimal traffic conditions and occupancy remained 
stable, while ALINEA achieved optimal traffic conditions but the occupancy was oscillating. PI-
ALINEA has been tested through simulation but not implemented in the field. Gain controllers  
and  with values of 100 km*lane/h and 4 km*lane/h yield good results. 
Proportional Term  Integral Term 
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2.1.5. Mixed Control 
Ozbay et al., (2004) developed the Mixed Control algorithm in an attempt to manage the 
ramp flow with the existence of excessive ramp queues. The algorithm was designed to overcome 
oscillations in the metering rate that were produced using the X-ALINEA/Q algorithm. Ozbay et 
al., (2004) designed an algorithm which takes queue length and freeway demand into account at 
the same time. The following equations are the proposed mixed control algorithm. 
                                                                                                  Equation 15 
∆
 
							                                                                                Equation 16 
∆
                                                                           Equation 17 
Where: 
 The flow entering the freeway section at time step k 
 The flow entering the ramp at time step k 
 Metered ramp flow at time step k 
 Freeway density for upstream plus downstream section  
 The critical value of section density (veh/mile)  
 The flow leaving the freeway section at time step k 
 Queue length on the ramp at time step k 
,  Weight factors, w 	w 1 
 Control gain, 0 < K < 1 
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 Time step duration 
∆  Length of the freeway section 
 
2.2. Coordinated Ramp Metering Strategies 
Coordinated ramp metering algorithms have been used to manage freeway facilities that 
experience congestion. Coordinated ramp metering algorithms such as FUZZY, HERO, 
METALINE, etc. coordinate multiple metered ramps to prevent and dissolve the occurrence of 
congestion. They assign metering rates to each metered ramp while considering the benefit of the 
whole facility and not only its respective local segments. The following sections describe several 
coordinated ramp metering algorithms that have been tested and used in the field. 
2.2.1. METALINE 
METALINE is the integral coordinated system version of ALINEA (Papageorgiou et al., 
1990). It turns the ALINEA equation into a vector.  
1 1                                   Equation 18 
Where ρ is the vector of densities and K1LQI and K2LQI are gain matrices. The gain matrices 
values are based on the desired traffic performance. METALINE was implemented in Boulevard 
Périphérique in Paris, France as an incident controlling algorithm. METALINE and ALINEA were 
evaluated using macroscopic simulation program called META. In the presence of unexpected 
incidents, METALINE was superior in dissolving congestion faster. When both were compared in 
normal conditions (recurrent congestion) they had approximately the same performance.  
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2.2.2. Zone Algorithm 
The Zone algorithm is based on balancing the entering and exiting flows in a pre-defined 
freeway section called metering zone (Stephanedes 1994, Zhang et al., 2001). The freeway is 
divided into 3 to 6 miles-long metering zones and each metering zone may have metered and non-
metered ramps and off-ramps. The zone algorithm uses equation 15 to control and balance the 
metering zone. 
                                                                                        Equation 19 
Where: 
 is the upstream mainline volume (veh/hr) (measured). 
  is the total volume from non-metered ramps (veh/hr)  (measured) 
  is the total volume from metered ramps (veh/hr)  (calculated) 
  is the total metered freeway to freeway volumes (veh/hr)  (calculated) 
 is the sum of off-ramp volumes (veh/hr)  (measured) 
 is the downstream bottleneck capacity (veh/hr) 
 is the space available within the zone (veh/hr) 
By setting S = 0 the maximum metering rate  is shown in equation 16 and each 
ramp metering rate is weighted from the maximum metering rate (shown in Equations 16 and 17); 
     Equation 20 
       Equation 21 
Where R  is the ramp metering rate, and f  is the ramp share factor from the maximum 
metering rate 
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2.2.3. Fuzzy Logic Control (FLC)  
Fuzzy Logic was originally developed by Zadeh in 1965 as a way to process industry and 
produce home appliances. It was also implemented in automobiles and construction business 
(Zadeh 1965). Fuzzy Logic Control (FLC) is a simple algorithm based on adjusting weighted 
controlling traffic parameters to optimize the system operation (Taylor et al., 1998). It has been 
field tested on the A12 freeway between The Hague and Utrecht. FLC showed an increase in travel 
speed and bottleneck capacity by 35% and 5-6% respectively. One of the benefits of FLC is that it 
is less sensitive to imprecise or missing inputs since it uses qualitative inputs instead of quantitative 
inputs resulted from a process called “fuzzification”.  
The FLC process comprises of the following three steps: 
1. Fuzzification: preprocesses and transforms quantitative inputs into qualitative data.  
2. Rule Evaluation: fuzzification results are analyzed through rules similar to human 
reasoning in which the most weighted rule is implemented. 
3. Defuzzification: turns rule evaluation results into numerical inputs that are implemented as 
ramp metering rates. 
Fuzzification: 
The variables that are used in the fuzzification process are based on 20-second intervals 
measured in the previous period, except for the ramp queues, which use multiple previous 20-
seconds time intervals. These measures are translated into inputs to one of five classes that describe 
the metering rate outcome [Very Small (VS), Small (S), Medium (M), Big (B), and Very Big 
(VB)]. After that the membership degree for these inputs is evaluated to its class. Membership 
degree is the amount of how much each class is correct on a scale from zero to one. In measuring 
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the membership degree, two scaling parameters are assigned as the Low Limit (LL) and High 
Limit (HL) for each variable. These limits are used to calculate the scaled crisp variable, x, as 
shown in Equation 22.  
	 	 	                                                    Equation 22 
Each of the five fuzzy classes is indicated with a function	 , where the centroid is ,  
is the base width, and i indicates the class. Classes S, M, and B are defined by a triangle with two 
sides and a base of	2 . The triangle side slope is 1/  and is centered at	 . The membership 
degree for variables in classes S, M, and B are calculated using Equation 23. 
																																																										 	
																																																					 	
         Equation 23 
The VS and VB classes are defined by a right triangle with base of  and can be calculated 
using Equations 24 and 25. 
For VS: 
1																																									 	 0								
																					 	0 				                                                    Equation 24 
For VB: 
1 																														 	1 1
1																																			 	 1
                                     Equation 25 
For example, Figure 4 shows the membership degree for occupancy where LL= 8 and HL = 18. 
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Figure 4: Occupancy membership degree for each class (Taylor et al., 1998) 
Table 1 Fuzzy Logic Input Variables (Taylor et al., 1998) 
 
Table 1 presents the parameters used to define the rules that govern the FLC algorithm 
built by Taylor et al., (1998) for their field test. Each parameter is assigned a membership function 
and then used into a rule solely or alongside another parameter. 
Rule Evaluation: 
In this step, the fuzzified input variables are tested with specific rules. Each rule has a 
weight reflecting its importance. There are 17 rules that were considered important in simulation 
testing shown in Table 2. 
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Table 2 FUZZY Logic Controller rules (Taylor et al., 1998) 
 
Rules from 1 to 5 are the baseline of metering rates. The minimum weight for these must 
be at least 0.1, however, other rules could be 0. Rules 6 to 9 reinforce Rules 1 to 5 as they use both 
speed and occupancy measurements to find the congestion index and adjust metering rates. The 
comma denoted between occupancy and speed means the logic AND; also, the minimum of these 
is used. Rules 10 to 15 take into account that traffic waves move forward in uncongested conditions 
and under congested conditions traffic waves travel backwards. Rules 16 and 17 take into account 
the development of queues on the ramp.  
Defuzzification: 
The goal of defuzzification is to convert the rules results into ramp metering rates. The 





		                                                                                         Equation 26 
Where: 
 = Weight of the i-th rule 
= The centroid of the output class 
 = The implicated area of the output class 
 
2.2.4. HEuristic Ramp-metering CoOrdination (HERO) 
HEuristic Ramp-metering CoOrdination, also known as HERO, is a linked algorithm that 
uses master-slave structure to manage on-ramp metering rates (Papamichail and Papageorgiou 
2008). HERO assigns the Master role to the downstream on-ramp where the bottleneck occurs. 
This bottleneck occurs because ALINEA implements queue control when there is insufficient 
ramp storage. HERO assigns upstream on-ramps as slaves and uses their ramp storage for the 
master ramp. HERO coordinates and controls the upstream on-ramp (Slave) metering rate by 
assigning minimum queue length	w . The upstream on-ramp metering rates are calculated based 
on Equations 27 and 28. 
, 1                                                        Equation 27 
	 	 		, 		 , 		 	                                                   Equation 28 
Where	 ,  is a control parameter set as 1/Tc or less for smoother control 
action and Tc is the control sample time. When HERO is activated, both upstream and downstream 
ramp rates are regulated so that the upstream and downstream relative queue lengths stay close to 
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each other. The minimum queue length which is assigned to the upstream on-ramp is updated ever 
Tc until the Master ramp relative queue falls below the activation threshold.  
2.2.5. System Wide Adaptive Ramp Metering (SWARM) 
The SWARM algorithm comprises of two independent algorithms where the more 
restrictive of the two is used to control the ramp metering rate. The first algorithm is called 
SWARM1 and it is based on forecasting and system-wide apportioning (Paesani et al., 1997, 
Bogenberger and May 1999). It uses traffic density to maintain the roadway under the saturation 
density level. It forecasts the density trends from previous interval data by using linear regression 
and Kalman filtering. Then it computes the excess density in the freeway and uses it to calculate 
the volume reduction value or volume excess, which are then distributed to the upstream ramp 
meters as metering rates, by using weight factors based on ramp demands and queue storage. 
SWARM1 follows equations 29 and 30. 
	 	 1 ∗ 	               Equation 29 
	 	 	 ∗ #	 	 ∗
																																											 	 	 	                                               Equation 30 
Where T  is the time into the future in which the density is forecasted. 
The second algorithm is called SWARM2, and it is a local traffic responsive system. It 
turns measured densities into metering rates using linear conversion. However, SWARM2 is 
dependent on the accuracy of the density predictions in SWARM1 to operate effectively. 
22 
2.3. Ramp Metering Field Evaluations 
This section presents real life field results of implementing ramp metering algorithms on 
freeways. Field evaluations provide the effects of ramp metering using real life driving behavior. 
Also, the algorithms can be assessed when there are unexpected incidents such as crashes, bad 
weather, detector malfunctions and unexpected driver behavior.  
2.3.1. Monash Freeway, M1 and M3 freeways in Queensland Australia (HERO) 
Papamichail et al., (2010) evaluated HERO algorithm that was implemented by VicRoads 
on Monash freeway in 2008. The evaluation was done between the previous ramp metering 
strategy (not specified) and HERO on six consecutive on-ramps. The implementation of HERO 
showed an increase in the morning average flow rate by 4.7% and average speed by 35%; while 
during the afternoon peak, the flow rate and speed increased by 8.4% and 58.6% respectively. The 
results also showed improvement in travel time reliability and mean speed deviation. Faulkner et 
al., (2014) evaluated the implementation of HERO algorithm along M1 and M3 freeways in 
Queensland, Australia. M1 and M3 ramp meters were upgraded from fixed-time control to HERO 
control. The analyzed section contained five consecutive metered on-ramps leading to Brisbane 
central business district (CBD). After implementing HERO, the morning peak travel speed 
increased by 7%, the throughput increased by 4%, and the travel time reliability increased from 
19% to 56% excluding traffic incidents compared to the fixed-time strategy. Figure 5 presents the 
occupancy heat plots of before (Figure 5a) and after implementing HERO (Figure 5b). 
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Figure 5: Occupancy heat plots (a) before and (b) after implementing HERO                  
(Faulkner et al., 2014) 
2.3.2. A6W Motorway, Paris – ALINEA  
The upgrade of A6W Motorway in Paris was under the scope of EURAMP2006 project. 
ALINEA was tested on a corridor in this motorway, which included five on-ramps and its length 
is approximately 20km (Bhouri et al., 2013). The test took place between September 2005 and 
January 2007. Days with detector failures, weekends, holidays, and accidents were discarded from 
the analysis. The remaining dataset included 11 and 10 days for NO Control and ALINEA 
respectively. The implementation of ALINEA showed a reduction in total time spent by 9.8% and 
an increase in mean speed by 4.3%. In terms of travel time reliability, ALINEA improved the 
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motorway by 31% in its Misery Index (MI), 37% in Buffer Index (BI), and 28% in Planning Time 
Index (PTI). 
2.3.3. I-90 and I-405, Seattle – Fuzzy Logic control  
The Fuzzy Logic Control (FLC) was compared to a local algorithm and the Bottleneck 
Algorithm on I-90 and I-405 respectively (Taylor and Meldrum 2000). I-90 exhibits moderate 
congestion and I-405 exhibits heavy congestion. On I-90, FLC decreased occupancy by 8.2%, and 
increased throughput by 4.9% compared to the local algorithm. However, longer ramp queues were 
observed in the fuzzy algorithm compared to the local algorithm. On I-405, FLC resulted in slightly 
increased occupancy and throughput compared to the Bottleneck Algorithm. However, ramp 
queues were much longer when implementing the Bottleneck algorithm compared to the FLC.  
2.3.4. Assessment of FUZZY LOGIC on A12 motorway in Holland 
Taale et al., (1996) evaluated ALINEA, Fuzzy Logic, and an algorithm named 
Rijkswaterstaat (RWS), on A12 motorway from The Hague to Utrecht in Holland. The evaluation 
results showed the following capacities: ALINEA: 4,000 veh/hr, RWS: 4,048 veh/hr, and Fuzzy: 
4,256 veh/hr. The travel times were: ALINEA 6.2 minutes, RWS 6.0 minutes, and Fuzzy 3.9 
minutes.  
2.4. Simulation Evaluations 
Simulation is a great tool to assess any strategy before implementing them in the field. 
Simulation is feasible in terms of money and time compared to field evaluations and provide an 
environment where outside inferences can be eliminated such as weather, incidents, and change in 
traffic patterns. 
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2.4.1. Comparison of HERO, ALINEA, and PI-ALINEA 
HERO, ALINEA and PI-ALINEA with queue control were compared by using a 
macroscopic simulation software named METANET (Papamichail and Papageorgiou 2008). The 
test consisted of two on-ramps. Multiple scenarios were tested and the results with queue control 
are shown in Table 3. 












No Control - 0 983 817 0 
ALINEA 50 78 908 742 9.2 
PI-ALINEA 50 67 915 749 8.3 
HERO (30%-15%) 
HERO (80%-40%) 
50 98 874 708 13.3 
 
Where TWT is the total waiting time vehicles spent on the on-ramp waiting to be served, 
TTS is the total time spent by each vehicle in the facility, and TTS’ is the total time spent by each 
vehicle in the facility disregarding the first 30 minutes for this evaluation. 
The HERO percentages shown in Table 3 represent activation threshold and deactivation 
threshold respectively the first being activation threshold. Table 3 shows that HERO algorithm 
yielded a lower TTS and a higher TWT compared to ALINEA and PI-ALINEA. In addition, it was 
found that the change in activation and deactivation threshold of HERO did not yield significant 
change in traffic conditions.  
2.4.2. Comparison of ALINEA, ZONE, and Bottleneck 
ALINEA, ZONE, and Bottleneck algorithms were evaluated on I-405 freeway segment in 
California using PARAMICS microsimulation model (Chu et al., 2004). All of the algorithms were 
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superior to the currently deployed fixed-time control. The simulation results of the algorithms 
compared to fixed time results are shown in Table 4. 





Average Mainline Travel 
Time Change 
Total On-ramp Delay 
Change 
Heavily Congested    
ALINEA -4.8% -5.1% +24.9% 
ZONE -4.3% -4.2% +43.5% 
BOTTLENECK -5.2% -6.6% +51.9% 
Less Congested    
ALINEA -3.0% -3.1% +10.83% 
ZONE -0.2% -1.1% +77.5% 
BOTTLENECK -1.5% -2.6% +53.8% 
Severe Incident    
ALINEA -1.9% -2.3% +20.3% 
ZONE +0.5% +0.4% +58.1% 
BOTTLENECK -0.4% -0.5% +34.2% 
Less Sever Incident    
ALINEA -1.1% -1.4% +27.5% 
ZONE -1.4% -2.2% +58.6% 
BOTTLENECK -1.3% -1.6% +30.4% 
 
Table 4 shows that during a heavy congested scenario BOTTLENECK yielded lower 
vehicle-hour travel times and average mainline travel time than ALINEA and ZONE. However, 
the BOTTLENECK algorithm resulted in higher on-ramp delay than ZONE and ALINEA. During 
less congested conditions, ALINEA yielded lower vehicle-hour travel times and average mainline 
travel time than BOTTLENECK and ZONE. In addition, ALINEA had lower on-ramp delay than 
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BOTTLENECK and ZONE. During severe incidents the algorithms had the same rankings as in 
less congested conditions, however, in ZONE travel times increased compared to the No Control 
scenario. During less severe incidents ZONE yielded the lower travel times than BOTTLENECK 
and ALINEA. However, ZONE had the highest on-ramp delay than BOTTLENECK and 
ALINEA. 
2.4.3. Twin Cities, Minnesota Coordinated Ramp Metering Assessment 
Kwon et al., (2001) evaluated the implementation of the Incremental group coordination 
algorithm (Denver Algorithm), the Minnesota algorithm, and the Fuzzy Logic algorithm using a 
macroscopic model called Kronos. The evaluation was conducted on the I-69 freeway in the 
metropolitan area of the Twin Cities, Minnesota. The Fuzzy and the Denver algorithms have the 
queue override policy, which means that if the queue reaches a certain threshold the metering rates 
become less restrictive. However, the Minnesota algorithm does not have this rule. The fuzzy 
algorithm produced higher mainline vehicle miles when the demand was distribute in the peak 
period, but had lower mainline vehicle miles when the demand was concentrated compared the 
other two algorithms. The Minnesota algorithm resulted in more vehicle throughput when the 
demand was concentrated in the peak period, but also in higher ramp delays. It was concluded that 
the Fuzzy logic algorithm was superior to the other two algorithms in balancing the metering rates 
with the ramp queue length. 
2.5. Vissim Software 
This thesis used VISSIM for evaluating the ramp metering algorithms along the I-35 
corridor. Vissim is a microscopic simulation program that can simulate traffic facilities under 
various conditions of vehicle demand composition, route decision, and signal control (PTV Group 
2016). Vissim can simulate signal control to be responsive to traffic conditions using the Vehicle 
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Actuated Program (VAP). Vehicles move through the facility using a traffic flow model. Vissim 
uses a psycho-physical perception model developed by Wiedemann (1974). The concept of the 
Wiedemann model is that a driver driving faster than the leading vehicle will slow down until 
reaching the leader, and then drive slower than the leading vehicle. After that, the driver starts to 
accelerate slightly to match the leading vehicle. The Wiedemann car following model is illustrated 
in Figure 6. 
Figure 6 Wiedemann (1974) car following model (PTV Group 2016) 
Vissim provides two car following models: Wiedemann 74, and Wiedemann 99. The 
Wiedemann 74 model is more focused on urban streets and merging locations. The Wiedemann 
99 model is focused on freeways and it includes nine parameters that are adjusted to calibrate the 
model to real life data. A description of the Wiedemann 99 parameters along with their default 
values is presented in Table 5.  
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Table 5 Wiedemann 99 car following model parameters 
VISSIM 
Code 
Parameters Description Default Values 
CC0 
Standstill Distance: 









Distance over safety distance a following vehicle requires 
before moving closer to the lead vehicle. 
13.12 ft. 
CC3 
Threshold for Entering ‘Following’ State: 
Time in seconds before a following vehicle start to decelerate 
to reach safety distance. 
-8.00 sec 
CC4 
Negative ‘Following’ Threshold: 




Positive ‘Following’ Threshold: 




Speed Dependency of Oscillation: 








Desired acceleration starting from standstill 
11.48 ft./s2 
CC9 
Acceleration with 50mph: 
Desired acceleration at 50mph 
4.92 ft./s2 
 
2.6. Summary of literature review 
Based on the previous literature it can be seen that ramp metering is very effective in 
maintaining free flow conditions and dissolving congestion if applied correctly on freeways. There 
are many ramp metering algorithms available in the real world ranging from localized control to 
coordinated control. Microsimulation modeling helps in assessing the effects of implementing 
ramp metering on a freeway and evaluate its operational efficiency.  
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3. METHODOLOGY 
This chapter describes the methodology undertaken to complete this research. First, the 
simulation model development and calibration are presented. Then, the actual simulation process 
is discussed. After that, the tested ramp metering algorithms are discussed. Finally, the 
performance measures that were used for the evaluation are explained. 
3.1. Model Development and Calibration 
The Kansas Department of Transportation (KDOT) added ramp meters on I-35 southbound 
(at 7th Street Trafficway, Southwest Boulevard, 18th St. Expressway, and 67th Street junctions) in 
the summer of 2017 (Figure 4). These on-ramps have been identified as locations were merge 
bottlenecks are created. KDOT is planning to use a ramp metering algorithm which is based on 
speed variation; however, the algorithm is proprietary and its specifications are not known. The 
facility geometrics (number of lanes, link lengths, ramps, speed limits, etc.), detector locations and 
traffic data for a 12-month period were modeled in VISSIM. KDOT provided an initial Vissim file 
with the geometry and some traffic data, which were used as a basis for this research. The I-35 
facility was calibrated to replicate the original conditions of the freeway, which do not include 
ramp metering. The goal of the calibration was to match the simulated and the real world vehicle 
speeds at the junctions were ramp metering is installed within a certain percent of accuracy. The 
calibration was done by using data from a single day from the KC Scout Portal. 
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Figure 7 I-35 Map and its Metered Junctions (Provided by KDOT and KCScout)  
3.2. Selected Ramp Metering Algorithms 
Based on the literature, one system-wide ramp metering algorithm (HERO), and one 
localized ramp metering algorithm (ALINEA) were selected for evaluation in this thesis. Both of 
these algorithms have shown efficiency in the field and simulation testing; therefore, it is desired 
to evaluate their impacts on the I-35 freeway facility. Three control scenarios were simulated and 
evaluated in VISSIM: 
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 No Control: This scenario assumes no ramp metering control in the facility. 
 HERO Algorithm: In this control scenario the HERO coordinated algorithm was 
implemented at the three consecutive junctions (7th Street Trafficway, Southwest 
Boulevard, and 18th Street) on I-35 southbound. In the remaining isolated ramp (67th St), 
the ALINEA algorithm was implemented. 
 ALINEA Algorithm: In this control scenario the ALINEA algorithm was implemented on 
the all ramps mentioned previously. 
3.3. Simulation Process 
VISSIM is a microscopic simulation tool that requires each scenario to run multiple times 
with various random seed numbers in order to replicate real-world fluctuations due to driver 
behavior. Each control scenario would run 60 demand scenarios in the simulator. The 60 demand 
scenarios represent 5 weekdays * 12 months. Each demand scenario is modeled as the average 
weekday demand of its respective month e.g. the average demand of four Mondays in January will 
represent the Monday demand scenario in January. Days when major detector failures occur or 
significant incidents happen, such as accidents, roadwork, and snow, were discarded. The traffic 
data used to develop the demand scenarios were obtained through the KC Scout Portal. Each 
demand scenario ran four times with different random seed numbers, to account for variations of 
the same day within the same month (e.g., four Mondays in January).  
3.4. Evaluation Results 
The VISSIM simulation ran four times with different random seeds for the three control 
strategies and average performance measures obtained from the software were calculated. The 
following performance measures were generated from VISSIM to evaluate the control strategies. 
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 Travel Time (TT): The amount of time a vehicle needs to clear the freeway. 
 Travel Time Index (TTI): The ratio between the actual travel times to the travel times in 
free flowing conditions. It follows Equation 31. 
                                                                                                             Equation 31 
 Buffer Time (BT): The extra time needed above the average travel time for the user to 
arrive on time 95% of the time or at the 95th percentile travel time (TT95). 
                                                                                                     Equation 32 
Where (TTMean) is the mean travel time. 
 Buffer Index (BI): The ratio between buffer time (BT) and mean travel time (TTMean). 
	                                                                                                                    Equation 33 
 Mean Speed (MS): The average of the vehicles speed in the freeway segment. This 
parameter is measured at the location where bottlenecks occur. 
 Throughput: The rate in which the vehicles are served in the freeway. This parameter is 
measured at the location where bottlenecks occur. 
 Queue Length and Waiting Time (WT): It is the length of the vehicles queue of and the 
total time spent waiting on the on-ramps to be served. 
 Congestion Duration: The amount of time the freeway exhibits congestion until it recovers 
to free flow conditions. 
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4. DATA COLLECTION AND SCENARIO DEVELOPMENT 
In this chapter the process of data collection and demand scenario development are 
discussed. Firstly, descriptions of the modeled facility and the data collection are provided. Next, 
the formatting and screening of the data for incidents and adverse weather conditions are 
explained. Finally, the data reduction and demand scenario development are presented. 
4.1. Facility and Data Overview 
The facility analyzed in this thesis is the I-35 southbound corridor from Cambridge Dr. to 
75th Street (Figure 7). Traffic volume and speed data at the mainline, on-ramp and off-ramp were 
obtained from the KC Scout Portal (http://www.kcscout.net/KcDataPortal). Weekdays (excluding 
holidays) were considered for this analysis and the data were obtained from April 1st 2016 to March 
31st 2017. The peak period was considered as the analysis period. Based on the detector’s speed 
readings, the peak period was identified to start at 3:15pm and end at 6:15pm. For simulation 
purposes, the analysis period was defined to be from 2:50pm to 6:35pm.  
4.2. Data Formatting and Screening 
After collecting the data from the KC Scout Portal, a screening process was performed to 
ensure that the data acquired corresponded to days with recurring congestion due to excess 
demand, and not due to traffic incidents or adverse weather.  
Days with traffic incidents (minor, major, stalled vehicle, etc.) along the facility were 
excluded as these cannot be modeled into VISSIM. The data for traffic incidents were obtained 
from the KC Scout Portal. The portal provides information on the location, start time, and end time 
of the incident. Days with traffic incidents that occurred within 2 miles downstream of a detector, 
and 1 hour before or during the peak period were excluded from the analysis. Traffic incident data 
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were collected from April 1, 2016 to March 31, 2017. Since, the simulation period is from 2:50pm 
to 6:35pm the incident screening period was considered to be 1:50pm to 6:35pm. The remaining 
data were retained for further screening due to adverse weather. 
Adverse weather conditions were considered to occur during snow, fog, and precipitation 
of more than 0.20 inches. Weather data were obtained from (www.wunderground.com) for the 12-
month period April 1, 2016 to March 31, 2017 in Kansas City using the MCI airport code. Days 
when the weather was or considered adverse between 2:20pm and 7:05pm were removed from the 
analysis. The screened data were arranged in an excel spreadsheet based on the month and weekday 
to be used for the following steps.  
4.3. Data Reduction and Demand Scenario Development 
The dataset obtained from the screening process was used in developing the demand 
scenarios. A demand scenario represents the average input volume of one weekday during a 
particular month in 5-minutes increments. All detector data were divided by day of the week, and 
month of the year, so for example data were grouped for every Monday in April. Then the volumes 
for each 5-minute interval were averaged across the same weekdays of the month. The result was 
the average volume in 5-minute intervals that represent all Mondays in April. 
After averaging the volumes in all detectors, 60 demand scenarios were developed (5 
weekdays times 12 months). However, some detectors were faulty and did not provide data in 
some locations or days. Also, due to the elimination of data with incidents or adverse weather, 
fewer days were analyzed. To account for the missing data, volumes from the next or previous 
months were used. 
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In some locations, on-ramp and off-ramp volumes were not available for the entire year. 
Flow balancing was attempted to calculate on-ramp or off-ramp volumes where data were not 
available, but in some cases, the results showed big discrepancies, so the attempt was aborted. The 
missing volumes were eventually obtained from the original VISSIM model that was given by 
KDOT. The locations that data were assumed were at Southwest Blvd off-ramp, 18th St on and off 
ramps, and Lamar off-ramp.  
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5. CALIBRATION AND SIMULATION 
In this chapter the process that was conducted to create the VISSIM file and run the 
simulations is discussed. Modeling the facility is discussed first. Next, the selection of the vehicle 
characteristics (acceleration, deceleration, etc.) is presented. After that, the calibration of the 
VISSIM model is discussed. Then, running the simulation model is explained. Lastly, the coding 
of the ramp metering algorithms in VISSIM is provided. 
5.1. Modeling the Facility 
The geometric modeling of the facility in VISSIM consists of creating links and 
connectors. Links are the main components of the roadway as they represent the path the vehicles 
take to travel through the roadway. An initial file with the geometry of the facility was provided 
by KDOT. All links in the VISSIM model are modeled to have 12ft lane width and the number of 
lanes that correspond to the field. VISSIM provides a background map for the study location. The 
background map was used to draw the links of I-35 southbound from Cambridge Circle to 75th St, 
including on-ramps and off-ramps. Some on-ramps had traffic signals on the arterial streets. These 
traffic signals were removed and the links from the arterials were joined together and the joined 
links were extrapolated beyond the on-ramp storage for 2000ft. This was done because the signal 
timing and the volume distribution on the arterial is unavailable. The connectors are used to 
connect links with each other if there is a reduction or addition in the number of lanes, on-ramps 
or off-ramps, or if a change in link behavior in a particular location is needed. Screenshots of the 
I-35 corridor (from Google.Maps.com) and the VISSIM model are shown in Figure 8 and Figure 
9, respectively.   
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Figure 9 VISSIM model of I-35 corridor 
5.2. Vehicle Properties 
The VISSIM model provided by KDOT was used to obtain the percentage of passenger 
cars, Heavy Goods Vehicle (HGV), and Light-Heavy Goods Vehicle (L-HGV). As for the desired 
speed, the mainline detectors speed readings obtained from KC Scout portal were reviewed and a 
mean speed of 64 mi/hr was identified. It was assumed that the desired speed distribution follows 
an S-shaped curve. Figure 10 shows the desired speed distribution created for the VISSIM model. 
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Figure 10 Desired Speed Distribution 
For the maximum and desired acceleration and deceleration rates, the default distributions 
provided by VISSIM were used, as the exact values were not available. 
5.3. Calibration 
The goal of calibrating the VISSIM model was to create a model in which real life traffic 
can be replicated accurately. Once the calibration was completed, the model was used to test the 
effects of ramp metering on traffic operations. To calibrate the simulation model, the average speed 
throughout the analysis period was the selected performance measure. The average speed from the 
simulation had to match the average speed based on real life data within 10%. The VISSIM model 
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was calibrated by changing the driver behavior parameters in the links and connectors. A 
calibration day without traffic incidents or adverse weather conditions in all its detectors was 
chosen. The calibration day is April 22nd 2016.  
The calibration was conducted by changing the values of multiple parameters throughout 
the software. To compare the simulation model to the calibration day, detectors were established 
in the VISSIM model in the same locations they exist in real life. Through the simulation animation 
unrealistic driver behaviors (e.g., freeway vehicles stopping in the middle lane unable to exit to 
the off-ramp, etc.) were identified, and were resolved with the help of the calibration. A trial and 
error process was undertaken, where the simulation model would run once each time a calibration 
parameter would change, and then the speeds were evaluated until a similar speed profile was 
achieved. Once the speeds between simulation and field data were in close match, the simulation 
model was run multiple times with different seed numbers and the average speed profile was again 
compared to that of the calibration day. To accomplish the calibration, the vehicle routes decision 
and connectors’ lane change distance, and driving behavior parameters were used.  
5.3.1. Connectors Lane Change Distance and Vehicle Routes Decision 
When a vehicle route segment starts, the destination is programmed for each vehicle. Thus, 
vehicle routes need a sufficient distance before exiting the freeway to allow vehicles enough 
distance to move to the shoulder lane. Vehicles need at least 2,100ft before an off-ramp to 
maneuver successfully without blocking the mainline (Leyn and Vortisch 2015). To optimally 
model vehicle route decisions on the I-35 corridor based on KC Scout Portal volume data, the start 
point should be immediately after an on-ramp link ends (on the mainline link) and end before the 
next on-ramp. This method did not yield a realistic driver behavior in some cases due to small 
distances between an on-ramp and the next off-ramp. The small distance causes some vehicles 
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traveling on the left-most lane not to maneuver successfully to the shoulder lane thus blocking the 
mainline. To resolve this issue, vehicles entering from some on-ramps were assumed to not exit 
on the next off-ramp or the next two off-ramps.  
Connectors’ lane change distance was adapted from Leyn and Vortisch (2015) and 
simulation trials. According to Leyn and Vortisch (2015) the lane distance for an off-ramp diverge 
should be at least 700m (2,100ft). The suggested value was used in the initial runs, and it was 
adjusted for the next test runs so that the vehicle maneuverability looked realistic and the average 
speeds from the simulation matched to the calibration day speeds. 
5.3.2. Driving Behavior 
Driving behavior assigns the aggression, and awareness of vehicles in a link. According to 
Leyn and Vortisch (2015), driver behavior parameters differ by segment type (basic freeway, 
diverge, merge, and weave). This thesis used the same values in Leyn and Vortisch (2015) to 
calibrate the VISSIM model in the initial run. After that, the car following, and lane change 
parameters were adjusted to produce similar speeds to the calibration day.  
Table 6 Calibrated Wiedemann 99 model parameters 
Parameter Default Freeway Diverge Merge Weave 
CC0 4.92 5.60 7.50 7.80 9.00 
CC1 0.90 1.05 1.15 1.30 1.45 
CC2 13.12 13.10 12.00 12.00 12.60 
CC3 -8.00 -8.00 -8.00 -8.00 -8.00 
CC4 -0.35 -0.30 -0.35 -0.35 -0.35 
CC5 0.35 0.30 0.35 0.35 0.35 
CC6 11.44 11.44 11.44 11.44 11.44 
CC7 0.82 0.82 0.82 0.82 0.82 
CC8 11.48 10.48 10.48 12.48 12.48 




Table 7 Calibrated lane change parameters 












Max. Deceleration (ft./s2)      
Own -13.12 -13.12 -13.12 -13.12 -13.12 
Trailing Vehicle -9.84 -9.84 -9.84 -9.84 -12.00 
-1 ft./s2 per distance (ft.)      
Own 100 300 200 300 400 
Trailing Vehicle 100 200 200 200 400 
Accepted deceleration      
Own -3.28 -3.00 -3.00 -4.50 -4.50 
Trailing Vehicle -3.28 -2.25 -3.00 -3.00 -4.50 
Waiting before diffusion (s) 60 60 60 60 60 
Min. headway (front/rear) 1.64 1.64 1.64 1.64 1.64 
Safety distance reduction 
factor 
0.60 0.60 0.7 0.45 0.4 
Max. deceleration for 
cooperative braking (ft./s2) 
-9.84 -9.84 -16.00 -18.00 -18.00 
Advanced Merging      
Cooperative lane change      
Max. speed difference 1.84 16.00 16.00 16.00 16.00 
Max. collision time 10.00 10.00 10.00 10.00 10.00 
 
5.3.3. Calibration Results 
For the calibration process, ten random seed numbers that produced speed heat maps 
(inspected visually) close to the actual speed heat map were selected, after initially testing 150 
random seeds. A speed heat map by location is shown for both field-measured and simulated data 
in Figure 11 and Figure 12, respectively. According to Figure 11, in real life there should be 
congestion at the Antioch St. upstream and Antioch St. downstream merge detectors, however, 
from calibration it can be seen that there is no congestion there. In addition, congestion events at 
Johnson Dr. and Shawnee Mission Parkway occur later than in real life. Unfortunately, it was not 
possible to match these speeds during calibration. 
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Figure 11 KC Scout speed profile 
Figure 12 Calibrated Vissim model speed profile 
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In addition, speed flow diagrams for the mainline detectors at the congested locations along 
the facility were considered for the calibration. Figure 14 (a-h) presents the speed flow diagrams 









































































































Figure 14 Speed flow diagram at (a) 7th St. merge, (b) SW Blvd. upstream, (c) SW Blvd. merge, 
(d) 18th St. upstream, (e) Johnson Dr. upstream, (f) Shawnee Mission Parkway (SMP) upstream, 
(g) 67th St. upstream, and (h) 67th St. merge detectors 
From this figure it is shown that in the majority of the cases, the speed-flow curves are in 
good agreement.  
5.4. Simulation of Control Scenarios 
This section describes the steps taken to test No Control, ALINEA, and HERO control 
scenarios through simulation. 60 demand scenarios were tested for each of the three control 
scenarios. Each demand scenario was run using four random seeds, different from the other 
demand scenarios but the same for each control scenario. The No Control scenario was modeled 
with no ramp meters on the on-ramps. For ALINEA and HERO, the ramp meters were located on 
7th St., SW Blvd, 18th St. and 67th St. on-ramps. The maximum number of queued vehicles at the 
metered sites is shown in Table 8. This queue capacity was estimated based on the geometry of 
the on-ramp, and was used for operating the metering strategies.  
Table 8.  Queue Capacity at Metering Locations 
On-Ramp 7th St. SW Blvd. 18th St. 67th St. 
Queue Capacity 24 Vehicles 70 Vehicles 28 Vehicles 14 Vehicles 


































5.4.1. ALINEA Algorithm 
ALINEA is an occupancy-based local ramp metering algorithm. For ALINEA to be able 
to function properly the downstream mainline detector that measures occupancy should be placed 
where congestion starts. In real life, congestion at merge segments occurs downstream of the ramp 
gore area by a few hundred meters which is usually after the acceleration lane drop (Papageorgiou 
et al., 2007). However, in microsimulation, congestion at merge segments occurs between the ramp 
gore area and the acceleration lane drop. A simulation run was reviewed and the location of 
congestion was identified to occur before the acceleration lane drop by 300ft.  
ALINEA uses the downstream detector critical occupancy to maximize the mainline 
throughput. Critical occupancy is the occupancy corresponding to the maximum vehicle 
throughput. The detailed description of this algorithm is presented in Chapter 2, but the equation 
used to model it into VISSIM is shown below:  
1 ȏ 				                                                                         Equation 34 
Where r k  is the current ramp metering rate, r k 1  previous iteration ramp metering rate, K  
is a regulator parameter (smoothing factor), ȏ is the desired downstream occupancy and o  is the 
measured occupancy. KR was considered to be 70 based on the literature (Papageorgiou et al., 
1991).  
Ten demand scenarios consisting of two demand scenarios for each weekday would ran to 
determine the critical occupancy at these locations. The occupancy rate was collected at 30-second 
intervals. Figure 13 (a-d) presents downstream flow-occupancy graphs at selected locations. Figure 
13 (a-d) was used to identify the critical occupancy at the locations downstream of the merge. 




Figure 13 Flow occupancy rate diagram at (a) 7th St. merge, (b) SW Blvd. downstream, (c) 18th 
St. downstream, and (d) 67th St. downstream before the end of acceleration lane 
 
Table 9. Critical occupancy downstream of the metered ramps 
On-Ramp 7th St. SW Blvd. 18th St. 67th St. 
Critical Occ. rate 13% 15% 15% 14% 
 
An occupancy rate slightly less than the critical occupancy was used as the desired 
occupancy, ȏ, in ALINEA, to ensure that the traffic stays in free flowing conditions. An occupancy 
rate of 13% was used for all ramp meters. Also, the time step to calculate the cycle length was set 



























































meter. The time step was calculated as the travel time a vehicle needs to reach from the ramp meter 
to the downstream detector. Ramp metering was activated at 3:00pm and if the occupancy rate is 
above 11% for two consecutive time steps, and terminate at 6:00pm. The ramp metering flow for 
all meters was set to range between 720 vphpl to 200 vphpl, which is equivalent to a ramp metering 
cycle length of 5 seconds to 9 seconds per vehicle, respectively. For queue flush, a ramp cycle 
length of 5 seconds was implemented when the queue length reaches 75% of the queue capacity 
on an on-ramp. The queue detectors are placed in the same location they are installed in the field.  
In VISSIM, if a vehicle passes on two adjacent queue detectors at the same time, it is 
counted as two vehicles. To eliminate erroneous vehicle readings, the queue count was reset to 
zero if the ramp storage was empty and set to maximum queue length if the ramp storage was 
above queue capacity. The VisVAP flow chart for the ALINEA algorithm was originally derived 
from a dissertation (Armstrong 2011) and it was adjusted to match the needs of this thesis. The 
code for the ALINEA algorithm is presented in the Appendix A.  
5.4.2. HERO Algorithm  
As mentioned in the literature (Chapter 2) HERO is a system-wide algorithm that uses the 
ALINEA algorithm in addition to an on-ramp master slave configuration. HERO was implemented 
on 18th St and SW Blvd with 18th St acting as the master ramp, and SW Blvd and 7th St with SW 
Blvd acting as the master ramp. The master on-ramp starts using the slave queue storage when its 
queue reaches 50%, and the storage size that is used in the slave on-ramp is 50%. For example, if 
the queue on 18th St on-ramp reaches 16 vehicles, the slave on-ramp will start creating a queue of 
35 vehicles if it was less than 35. The queue activation percentage (50%) on the master ramp and 
the queue creation on the slave ramp are user-defined. Any percentage an operator wants could be 
implemented. The logic behind using 50% activation and queue creation is that the ramps are 
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located relatively far away from each other. Therefore, for the slave on-ramp queue creation to 
take effect, the master on-ramp queue still has time before it reaches capacity. In addition, in real 
life there are traffic signals on the arterials connecting to the on-ramp, so if a signal turns green it 
will supply the on-ramp with a large number of vehicles in a small amount of time. This demand 
must have enough storage on the on-ramp to avoid overflowing into the arterial. The code for the 
HERO algorithm is presented in the Appendix B. 
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6. SIMULATION RESULTS 
This section discusses the simulation results of the No Control, ALINEA, and HERO 
control scenarios. Travel time, speed, throughput, queue length, and travel time reliability were 
the selected performance measures to evaluate the three control scenarios. Data of the performance 
measures were collected in 5-minute intervals between 3:00pm to 6:30pm. The average of every 
5-minute interval in the 60 demand scenarios was used for the analysis and comparison.  
6.1. Travel Time 
Four different travel time-related performance measures were evaluated in this thesis. The 
first one is the facility travel time, which is considered as the travel time of vehicles traveling from 
Cambridge Circle junction to 75th St. junction. The entire facility was split into two parts: the first 
(northern) part, and the second (southern) part. Travel time for all vehicles traveling along the first 
part (om Cambridge Circle junction to Metcalf Ave off-ramp) and the second part (Metcalf Ave. 
to 75th St. junction) was also evaluated. Lastly, the queue travel time on the metered on-ramps was 
also estimated. The exact location of the facility and all junctions is shown in Figure 9. 
6.1.1. Facility Travel Time and Travel Time Reliability 
Facility travel time measures the travel time (TT) of vehicles that traveled the entire facility 
from Cambridge Circle junction to 75th St junction. The free flow TT of the entire facility was 
measured to be 465 seconds. Figure 14 presents the Travel Time Index TTI with respect to time 
of day from 3:00pm (0 sec) to 6:30pm (12,600 sec) for the three control scenarios. 
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Figure 14 Facility Travel Time Index for the three control scenarios 
According to Figure 14, HERO has lower TTI than the No control scenario from 2700 
second (3:45pm) to 7800 second (5:10pm). ALINEA has lower TTI than the No Control scenario 
from 2700 second (3:45pm) to 8400 second (5:20pm). However, towards the end of the simulation 
the No Control scenario TTI becomes lower than HERO and ALINEA. This can be attributed to 
the effect of ramp meters. The ramp meters initially hold vehicles on the on-ramps, which leads to 
lower TTI on the mainline. Later on, when the ramp queue storage reaches capacity and starts 
discharging vehicles at 720phpl (higher than the on-ramp demand), mainline traffic conditions 
deteriorate and the freeway TTI increases. 
Travel time reliability analysis was conducted for all 240 demand scenarios. The 
cumulative distribution of the facility TT is shown in Figure 15. From Figure 15 it can depicted 
that ALINEA and HERO travel times are slightly less than the No Control scenario. The mean, 
median, 85th percentile, and 95th percentile TT of all three control scenarios are presented in Table 
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Figure 15 Facility Travel Time cumulative distribution 
Table 10 Mean, median, 85th percentile, and 95th percentile for Facility Travel Time 
 TTMean TTMedian  TT85  TT95 
No Control 553 sec 499 sec 655sec 795 sec 
ALINEA 549 sec 497 sec 639 sec 789 sec 
HERO 552 sec 497 sec 648 sec 805 sec 
 





 TT85  
%Change 






No Control - - - - 242 sec 43.7% 
ALINEA -0.8% -0.3% -2.5% -0.8% 240 sec 43.7% 
HERO -0.3% -0.4% -1.1% 1.3% 254 sec 46.0% 
 
Tables 10 and 11 show the facility travel time results. It can be seen that ALINEA and 
HERO had lower TTMean, TTMedian, and TT85 compared to the No Control scenario. However, 
HERO had a higher TT95 and ALINEA had a lower TT95 compared to No Control scenario. HERO 















































6.1.2. First Half Travel Time and Travel Time Reliability 
The first half travel time measures the travel time (TT) of vehicles that traveled from 
Cambridge Circle junction to Metcalf Ave. off-ramp (Figure 9). The free flow TT of the first half 
was measured to be 248 seconds. Figure 16 presents the Travel Time Index TTI with respect to 
time of day from 3:00pm (0) to 6:30pm (12,600) for the three control scenarios. 
Figure 16 First Half Travel Time Index for the three control scenarios 
According to Figure 16, HERO and ALINEA have lower TTIs than the No control scenario 
from 2100 second (3:35pm) to 9000 second (5:30pm). Also, ALINEA has lower TTIs than HERO. 
This is because ALINEA has higher queue length and total wait time on the on-ramps than HERO. 
The queue flushing system that ALINEA uses is less adaptable to large queues than HERO’s queue 
control. More information about the queue length and waiting time is provided in section 6.1.4.  
Travel time reliability analysis was conducted for all 240 demand scenarios. The First Half 
Travel Time cumulative distribution is shown in Figure 17. From Figure 17 it can depicted that 
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percentile, and 95th percentile TT of all three control scenarios are presented in Table 12. The 
percentage difference in travel time, buffer time, and buffer index are presented in Table 13. 
Figure 17 First Half Travel Time cumulative distribution 
Table 12 Mean, median, 85th percentile, and 95th percentile for Firth Half Travel Time 
 TTMean TTMedian  TT85  TT95 
No Control 291 sec 257 sec 359sec 447 sec 
ALINEA 278 sec 257 sec 320 sec 384 sec 
HERO 282 sec 257 sec 332 sec 408 sec 
 













No Control - - - - 156 sec 53.5% 
ALINEA -4.4% 0% -11.0% -13.9% 106 sec 38.2% 
HERO -3.1% 0% -7.7% -8.8% 126 sec 44.6% 
 
Tables 12 and 13 show the first half travel times results. ALINEA and HERO had lower 
TTMean, TT85, and TT95 compared to the No Control scenario and there was no change in the 














































scenario. In addition, ALINEA was superior compared to HERO in the first half in travel time and 
travel time reliability.  
6.1.3. Second Half Travel Time and Travel Time Reliability 
The second half travel time measures the travel time (TT) of vehicles that traveled from 
Metcalf Ave off-ramp to 75th St junction (Figure 9). The free flow TT of the second half was 
measured to be 214 seconds. Figure 18 presents the Travel Time Index TTI with respect to time 
of day from 3:00pm (0) to 6:30pm (12,600) for the three control scenarios. 
Figure 18 Second Half Travel Time Index for the three control scenarios 
According to Figure 18 HERO and ALINEA have slightly lower TTI than the No control 
scenario from 900 second (3:15pm) to 3600 second (4:00pm). However, after 4500 second 
(4:15pm) the No Control scenario has lower TTI than ALINEA and HERO. This could be 
attributed to the lower travel times and higher speeds in the upstream segment (First Half). The 
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vehicles to travel faster downstream and reach the bottleneck at 67th St. The ramp meter on 67th St. 
on-ramp improves the mainline TTI slightly from 3:15pm to 4:00pm as shown in Figure 18, but 
that effect diminishes afterwards.  
Travel time reliability analysis was conducted for all 240 demand scenarios. The Second Half 
Travel Time cumulative distribution is shown in Figure 19. From Figure 19 it can be seen that the 
No Control scenario is better that ALINEA and HERO. The mean, median, 85th percentile, and 
95th percentile TT of all three control scenarios are presented in Table 14. The percentage 
difference in travel time, buffer time, and buffer index are presented in Table 15. 
 
Figure 19 Second Half Travel Time cumulative distribution 
Table 14 Mean, median, 85th percentile, and 95th percentile for second half travel time 
 TTMean TTMedian TT85 TT95 
No Control 249 sec 221 sec 290sec 390 sec 
ALINEA 257 sec 222 sec 315 sec 420 sec 




























































No Control - - - - 140 sec 56.2% 
ALINEA 3.1% 0.3% 8.8% 7.2% 163 sec 63.2% 
HERO 2.7% 0.3% 7.2% 9.4% 170 sec 66.3% 
 
Tables 14 and 15 show the second half travel times results. ALINEA and HERO had higher 
TTMean, TTMedian, TT85, and TT95 compared to No Control scenario. ALINEA and HERO have a 
higher buffer index compared to No Control scenario. In addition, ALINEA was superior 
compared to HERO in the second half in TT95 and travel time reliability, however, HERO was 
better than ALINEA in TTMean, TTMeadian, and TT85. 
6.1.4. Metered Ramps Queue Length and Total Waiting Time 
When ramp meters are activated, they create queues on the on-ramp to reduce the demand 
entering the freeway. A ramp metering strategy may provide better mainline conditions but large 
queues that may interfere with the arterials may appear on the on-ramp. ALINEA uses the queue 
flushing strategy by setting the metering rate to maximum flow. HERO uses a queue control 
strategy that adapts for the current queue length present each time step, and sets a metering rate to 
optimize the ramp storage and prevent the queue from spilling back to the arterials. The queue 
length and waiting times from the simulation are shown in Table 16. Spillback % is the percentage 






Table 16 Queue length and waiting time results of ramp metering strategies 
  7th St. SW Blvd. 18th St. 67th 
 Avg. Queue 48ft 413ft 195ft N/A 
 Max. Queue 238ft 1712ft 440ft N/A 
ALINEA Spillback % 0.0% 12.8% 2.1% N/A 
 Avg. Wait Time 6.6 sec 71.3 sec 38.5 sec 53.5 sec 
 Max Wait Time 61.2 372.3 sec 82 sec 148 sec 
 Avg. Queue 99ft 430ft 160ft N/A 
 Max Queue 230ft 930ft 380ft N/A 
HERO Spillback % 0.0% 0.0% 0.05% N/A 
 Avg. Wait Time 18.6 sec 79.8 sec 31.6 sec 53 sec 
 Max Wait Time 61.2 sec 200.8 sec 73.5 sec 155 sec 
 
From Table 16 it can be seen that the average queue lengths and average waiting time at 
7th St and SW Blvd were greater in ALINEA than in the HERO control scenario. However, at 
18th St. the average queue length and average waiting time in HERO were lower compared to 
ALINEA. The maximum queue lengths at all the on-ramps were lower in HERO compared to 
ALINEA. The queue spillback percentage to the arterials at all the on-ramps were zero in the 
HERO control scenario. However, in ALINEA there were queue spillbacks at SW Blvd and 18th 
St. The average queue lengths at SW Blvd and 7th St on-ramp were longer in HERO because they 
act as slave ramps and create queues when the 18th St ramp (master) queue length exceed the queue 
activation threshold while in ALINEA the on-ramps do not coordinate and act isolated. ALINEA 
and HERO have similar waiting times on 67th St. because ALINEA was used in both control 
scenarios on 67th on-ramp. The queue lengths at 67th St on-ramp are not available because the 
queue detector was placed in a wrong position in the simulation model.  
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6.2. Throughput 
Throughput is the volume of vehicles passing through a segment during a specific time 
intervals just before the breakdown event occurs. The three control scenarios were evaluated based 
on their throughput at the ramp meter locations. Given the large variability of demands in all 
scenarios generated in this research, throughput was measured only for the seed numbers that 
experience high, medium, and low demand volumes, chosen based on visually inspecting the speed 
heat maps. The per-lane throughput at the four ramp metered sites, as well as the change in 
throughput between the No Control and the metered scenarios, are presented in Table 17. 
Table 17 Throughput and percentage change of throughput for the three control scenarios 
 
From Table 17 it can be seen that during a high, medium and low demand the throughput 
increased with the implementation of ramp metering strategies at the SW Blvd. and 18th St. 
junctions. At the 7th St. junction during the high demand scenario the throughput increased with 
 7th St. SW Blvd. 18th St. 67th St. 
High Demand Throughput (veh/h/ln) 
No Control 1536 1592 1648 1794 
ALINEA 1604 (4.4%) 1624 (2.0%) 1724 (4.6%) 1776 (-1.0%) 
HERO 1612 (4.9%) 1640 (3.0%) 1728 (4.9%) 1830 (2.0%) 
Medium Demand Throughput (veh/h/ln) 
No Control 1600  1508 1648 2104 
ALINEA 1600 (0%) 1632 (8.2)% 1696 (2.9%) 2180 (3.6%) 
HERO 1600 (0%) 1700 (12.7)% 1660 (0.07%) 2160 (2.7%) 
Low Demand Throughput (veh/h/ln) 
No Control 1600 1536 1596 2336 
ALINEA 1600 1604 (4.4%) 1688 (5.8%) 2048 (-12.3%) 
HERO 1600 1604 (4.4%) 1608 (0.8%) 2280 (-2.4%) 
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ramp metering, however, during medium and low demand conditions there was no change in 
throughput because it was operating under free flowing conditions in all three control scenarios. 
At the 67th St junction during high demand the throughput increased in HERO and decreased in 
ALINEA. The throughput decrease in ALINEA could be attributed to the fluctuations in vehicle 
demand arriving in the chosen 5-minute interval. At medium demand both algorithms resulted in 
higher throughput, and at low demand the throughput decreased in both ALINEA and HERO. The 
throughput decrease in HERO and ALINEA is attributed to the increase in traffic demand on 67th 
St. compared to the No Control scenario which resulted in congestion. At low demand, 67th St. 
exhibits little to no congestion in the No Control scenario. The SW Blvd. junction benefited the 
most from implementing ramp metering at all demand variations and 67th St. junction suffered 
with lower throughput during low demand. 
6.3. Congestion Duration 
Congestion duration is the duration in which the mainline corridor speed is below 75% of 
the free flow speed (HCM6, 2016; Asgharzadeh and Kondyli, 2016) (i.e., experiences congestion). 
The free flow speed was considered to be 64 mph based on reviewing KC Scout Portal data. Hence, 
the speed at which the breakdown occurs is assumed 48 mph. An Analysis of breakdown events 
was conducted at the mainline upstream detectors where the ramp meters are installed. Typically, 
the downstream detectors should be used to analyze the breakdown; however, because in 
microsimulation the breakdown occurs before the end of the acceleration lane, the upstream 
detector was used for the analysis. The seed number with high demand used in the throughput 
analysis was used in measuring the congestion duration. Speed-time diagrams for the metered 
ramps are presented in Figure 20 (a-d). In addition, a summary of congestion duration at these 



















































Figure 20 Speed-time graph indicating congestion at (a) 7th St. merge, (b) SW Blvd. upstream, 
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64 
Table 18 Congestion duration for the three control scenarios 
 
Based on Figure 21 (a-d) and Table 19, the implementation of ramp meters has positive 
effect on congestion duration. The 7th St, SW Blvd, and 18th St bottlenecks exhibited significant 
reduction is congestion duration. However, 67th St. did not experience significant change in 
congestion duration, because the mainline at the ramp location experiences higher demand 
incoming from the upstream facility with higher speeds. ALINEA also outperformed HERO as it 
resulted in reduced congestion duration at all the on-ramp locations except at 67th St. in which 
HERO was superior. Also, based on Figure 22 (a-d) it can be seen that implementing a ramp 
metering strategy improves speeds during breakdown compared to the No Control scenario. 
6.4. Mean Speed 
Speed is used as a performance measurement to evaluate the three control scenarios. Spot 
mean speed of upstream detectors at the on-ramp locations were averaged for each control 
scenario. The single seed number with high demand used in the throughput analysis was used to 
evaluate the spot mean speed. Only one seed day was used and not the average of all 240 demand 
scenarios because some seeds do not have any congestion, and therefore, they do not show the 
effectiveness of ramp metering. The spot mean speed and its percentage change in the three control 
scenarios are presented in Table 20. 
 
 7th St. SW Blvd. 18th St. 67th S. 
No Control 50-minutes 80-minutes 105-minutes 155-minutes 
ALINEA 0 minutes 0 minutes  60-minutes 155-minutes 
HERO 0 minutes  50-minutes 80-minutes 150-minutes 
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Table 20 Spot mean speed and percentage change of speed for the three control scenarios 
 7th St. SW Blvd. 18th St. 67th St. 
No Control 51.5mph 45.8mph 41.9mph 30.9mph 
ALINEA 63.3mph (23.0%) 61.5mph (34.3%) 51.8mph (23.6%) 33.8mph (9.4%) 
HERO 63.3mph (23.0%) 52.1mph (13.8%) 48.6mph (16.0%) 35.4mph (14.6%) 
 
It can be seen from Table 20 that during high demand the spot mean speed during the peak 
period improves with the implementation of ramp metering algorithms at all ramp metered 
locations. In addition, at SW Blvd. and 18th St junctions, the spot mean speed during the ALINEA 
scenario is higher compared to HERO. However, at 67th St junction the spot mean speed in HERO 
scenario is higher compared to ALINEA. 
6.5. Results Discussion 
Through simulation it was found that implementing a ramp metering strategy could 
improve or deteriorate the facility operations in some cases, depending on the location of the 
bottlenecks and the specifications of the ramp metering algorithm. In this research, several 
performance measurements were used to evaluate the pros and cons of each control scenario. 
It was found that the travel time and travel time reliability for the entire facility did not 
exhibit significant improvement when a ramp metering strategy was implemented. However, the 
first half of the facility underwent drastic improvement in travel time and travel time reliability, 
while the second half of the facility experienced worse travel times and travel time reliability after 
implementing ramp metering strategies. The ramp meter on 67th created a brief good impact on 
travel times, but it was overshadowed with the excessive vehicle demand incoming from the first 
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half of the facility. In addition, it was also found that ALINEA had better travel times and travel 
time reliability compared to HERO.  
Throughput was also used as a performance measurement to evaluate the three control 
scenarios. The results showed that the ramp metering algorithms improved the throughput on the 
mainline during heavy, medium, and low demand scenarios. However, in the case of low demand 
scenario, the 67th St bottleneck experienced lower throughput with the implementation of ramp 
metering. This occurs because in the No Control scenario, the 67th St bottleneck experiences little 
to no congestion duration while the north part bottlenecks experience breakdowns. After 
implementing the ramp metering algorithms, the bottlenecks in the north part of the freeway 
dissolve and the traffic flow incoming to 67th St bottleneck increases which creates longer 
congestion periods.  
Implementing ramp metering strategies reduced the congestion duration at 7th St. merge, 
SW Blvd. upstream, and 18th St. upstream areas. However, at 67th St the congestion duration 
increased in the case of ALINEA and remained the same with HERO. ALINEA was more effective 
in reducing the congestion duration compared to HERO, at 7th St, SW Blvd, and 18th St areas.  
Queue length and waiting time on the on-ramp during ramp metering were also used as 
performance measures. ALINEA uses a queue flush system, which discharges the queue at 
maximum metering rate when the on-ramp queue reaches 75% of the queue capacity. HERO uses 
a queue control system, which adjusts the metering rate, by setting the current queue not to exceed 
the queue capacity. It was found that the HERO algorithm prevented queue spillbacks on the 




The study limitations are: 
1. The calibration process was not successful at a few locations, as shown in Figure 12. 
Congestion at Antioch St was not replicated. This could be attributed to detector readings 
that were unrealistically high or low (see also Figure 14).  
2. Travel times for the first and second half of I-35 are the summation of vehicle travel times 
in each segment at the same time interval and not the travel time for vehicles travelling the 
entire section continuously. 
3. The queue detector at 67th St was placed in the wrong location; hence, queue data for that 
on-ramp were not available. 
4. The arterials connecting to the on-ramps are signalized intersections. The demands and 
signal timing for the arterials are not available, so the signalized intersections were not 
modeled in VISSIM. 
5. Truck percentages were not available in the KC Scout data, so these were assumed as given 
from KDOT VISSIM model (3.75%).    
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7. CONCLUSION AND RECOMMENDATIONS 
This thesis evaluated the ALINEA and HERO ramp metering algorithms on I-35 
southbound corridor through simulation, and compared them with the No Control scenario. The 
evaluation was conducted using the VISSIM microsimulation software using data obtained from 
KC Scout Portal during the peak periods, for one year (April 1, 2016 to March 31, 2017). Days 
with adverse weather conditions or incidents were discarded as the focus was on the effect of ramp 
metering on recurring traffic operations.   
The I-35 southbound corridor under study runs from Cambridge Circle junction to 75th 
Street interchange. The ramp meters are installed on 7th street, Southwest Blvd, 18th street, and 67th 
street on-ramps. The corridor was modeled and calibrated in VISSIM using a day that traffic 
incidents, bad weather, and bad detector data did not occur. Then, traffic data for 60 demand 
scenarios were generated. Each demand scenario was run in simulation four times with different 
seed numbers resulting in a total of 240 seed days. 
No control, ALINEA, and HERO are the three control scenarios evaluated through 
microsimulation. The control scenarios were evaluated using the same 60 demand scenarios and 
seed numbers. The performance measures used for the evaluation are travel time, travel time 
reliability, congestion duration, mean speed, queue length, and queue waiting time. The results 
indicate that ALINEA and HERO have slightly lower travel times than the No Control scenario 
for the entire facility. However, if the facility is split halfway (at Metcalf avenue off-ramp), the 
first half (Cambridge Circle to Metcalf Avenue off-ramp) results show that ALINEA and HERO 
resulted in lower travel times than the No Control scenario by a significant margin. The results of 
the second half of the facility (Metcalf Avenue to 75th Street) show that the travel time increased 
when ALINEA and HERO ramp metering algorithms were implemented. This suggests that the 
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first half bottlenecks experience shorter breakdowns and the traffic flows to the second half 
bottleneck faster. This phenomena worsens the traffic conditions at the downstream bottleneck. 
Comparing the two ramp metering algorithms, ALINEA generated better travel times than 
HERO, however, the difference is small. Travel time reliability was measured through the 
cumulative probability of travel times, travel time index, buffer time, and buffer index. For the 
entire facility the travel time reliability was slightly better in ALINEA and HERO scenarios than 
the No Control scenario. ALINEA resulted in lower congestion duration than HERO or the No 
Control scenario at 7th St merge, SW Blvd, and 18th St locations. At 67th St, there was no change 
in the congestion duration between the three control scenarios. The spot mean speed of the peak 
period and the speed during breakdown at the ramp meter locations are higher in ALINEA and 
HERO scenarios than the No Control scenario. Queue length and queue wait time are an indication 
if the ramp metering algorithm is serving the queue fairly without affecting the arterials. 
Simulation results show that HERO was more effective in managing queues than ALINEA by 
minimizing the spillback to the arterials to zero while maximizing the usage of the ramp storage. 
HERO is used for on-ramps that are located next to each other, while ALINEA is used for an 
isolated on-ramp. In addition, ALINEA could be better than HERO if sufficient ramp queue length 
is available or if the arterials could handle spillbacks. 
Previous research suggests that the implementation of ramp metering strategies improve 
the traffic conditions on the mainline. This was also observed in this thesis as ALINEA and HERO 
improved the traffic conditions at several locations. The simulation results of the three control 
scenarios suggest that if the traffic conditions at the north part of the freeway is important, then 
implementing the ramp metering strategies prove to be significantly beneficial to the traffic 
conditions. ALINEA provides better mainline traffic conditions compared to HERO; however, it 
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creates spillbacks to the arterials from the on-ramp while HERO does not. The fact that traffic 
operations worsened on the second half of the facility, and more specifically at the 67th St 
bottleneck, suggests that ramp metering is not effective at this location, and that perhaps another 
freeway management should be evaluated.  
Conducting an analysis using microsimulation prior to field implementation, helps to 
reveal the strengths and weaknesses of the strategy, and the areas for improvement. Also, it gives 
the decision makers information that helps them decide if they want to go with a strategy or abort 
it. 
The following recommendations are offered based on the findings of this research: 
 Based on the performance measures results, ALINEA is superior compared to HERO in 
improving the mainline traffic conditions. However, the ramps suffered longer queues in 
ALINEA compared to HERO and also had spillbacks to the arterials while HERO did not 
create any spillbacks. A balance between serving the mainline and on-ramps is better than 
serving only the mainline while deteriorating the arterials. Thus, HERO is more efficient 
than ALINEA.  
 This thesis covered ALINEA with a queue flush system that assigns maximum metering 
rate when the ramp queue reaches a certain threshold. Another approach in this study could 
be done by coding ALINEA to a use queue control approach similar to the one in HERO 
instead of the flush system. 
 This thesis evaluates the effects of ALINEA and HERO on four junctions along I-35 
southbound. It would be useful to test if ramp metering would be more effective in relieving 
congestion at 67th St, if applied to additional junctions as well. 
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 HERO uses a combination of master ramp queue activation percentage and slave ramp 
queue creation percentage. This research used 50% for both the queue activation and 
creation. Other combinations could be used as they may improve the conditions on the on-
ramp and the mainline. 
 The ramp meters in this research allowed one vehicle per green. Future research could be 
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